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ABSTRACT 

Single crystal superalloys exhibit excellent cyclic oxidation resistance if 
their sulfur content is reduced from typical impurity levels of ~5 ppmw to 
below 0.5 ppmw. Excellent alumina scale adhesion was documented for 
PWA 1480 and PWA 1484 without yttrium additions. Hydrogen annealing 
produced effective desulfurization of PWA 1480 to ^ 0.2 ppmw and was 
also used to achieve controlled intermediate levels. The direct relationship 
between cyclic oxidation behavior and sulfur content was shown. An 
adhesion criterion was proposed based on the total amount of sulfur 
available for interfacial segregation, e.g., < 0.2 ppmw S will maximize 
adhesion for a 1 mm thick sample. PWA 1484, melt desulfurized to 0.3 
ppmw S, also exhibited excellent cyclic oxidation resistance and 
encouraging TBC lives (10 mils of 8YSZ, plasma sprayed without a bond 
coat) in 1 100°C cyclic oxidation tests. 


INTRODUCTION 

For many decades the dramatic effects of trace amounts of reactive elements on alumina 
and chromia scale adhesion has been recognized and widely studied. The connection between 
scale adhesion and sulfur segregation was reported by Smeggil et al. (1), Lees (2), Luthra and 
Briant (3), and Ikeda et al. (4), in which strong surface segregation of sulfur occurred from very 
low levels in the bulk and was curtailed by the addition of reactive elements. Both interface and 
surface segregation of sulfur has been found on alumina-forming systems (5-9) and for angle 
crystal PWA 1480 and ReneT'te superalloys as well (10,11). Other studies confirmed that 
adhesion resulted from reducing sulfur (12-16). Discussion of the exact nature of sulfur segrega- 
tion and its effects on alumina scale growth continues, nevertheless, there is general agreement 
that reducing the sulfur level produces a first order improvement in scale adhesion in the absence 
of reactive elements. 

Historically, scale adhesion has been effectively achieved by the addition of reactive 
elements. For many commercial systems relying on protective alumina scales (e.g. polycrys- 
talline NlCrAlY coatings or FeCrAlY heating elements), the direct addition of Y is more 
practical than removing ppm levels of sulfur. It is assumed that the reactive elements, which are 
strong sulfide formers, preclude sulfur segregation by bulk gettering (16). 
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Recent single crystal superalloys have become very oxidation resistant, due in part to 
high aluminum and refractory metal contents. This has allowed the manifestation of a strong 
reactive metal dopant effect. Hf additions present in PWA 1484, ReneN5’ and CMSX 4, do not 
appear as potent as Y in imparting scale adhesion. Unfortunately, the desired level of Y (0.01 to 
0.1%) is not easily achieved in advanced single crystal superalloys. Nonuniform Y distributions 
and Y reactions with mold materials during crystal growth present serious casting difficulties. 
Thus an alternative approach would be to produce low sulfur components through strictly 
controlled raw materials, melting and casting procedures. Indeed many previous studies have 
verified improved cyclic oxidation resistance as the sulfur content was reduced below 1 ppmw. 
The acceptable sulfur level is thus an important quantity to define. 

This paper addresses the concept of a critical sulfur content, i.e., the maximum tolerable 
without degrading scale adhesion. To this end, the oxidation behavior of superalloys is described 
as a function of various sulfur contents, as controlled by a laboratory hydrogen annealing 
process. The success of this process was first demonstrated for PWA 1480, annealed in 1 atm 
hydrogen at 1200° and 1300°C by Tubbs and Smialek (17,18). 


EXPERIMENTAL PROCEDURE 

The samples tested were obtained from polycrystalline bar stock of PWA 1480, 
electrodischarge machined to 12 x 25 mm coupons that were 0.2, 0.4, 1.2, 2.5, or 5 mm thick. 
These were polished through 600 grit emery, cleaned in detergent, and rinsed in ethanol. The 
starting sulfur content was determined to be about 6.2 ppmw by GDMS, (glow discharge mass 
spectroscopy). Hydrogen annealing was performed in a flowing 5%H^Ar mixture in high purity 
alumina tubes. Times and temperatures varied from 8-100 hr and 1000°C to 1300°C, 
respectively. All samples appeared clean and metallic, with less than ±0.03 mg/cm 2 weight 
change after annealing. Cyclic oxidation was performed in air in a vertical tube furnace, with 
automatic timers, counters, and pneumatic actuators. The test temperature was 1100°C 
(2012°F), with 1 hr. heating and 10 min. cooling each cycle. The samples were weighed at 
various intervals up to 1000 hr. Scales were characterized by x-ray diffraction and SEM. 


RESULTS AND DISCUSSION 

Hydrogen Annealing. The desulfurization of metals by hydrogen annealing has been 
assumed to be a diffusion controlled surface segregation process (17), in which rapid cleaning 
occurs by sulfur evaporation or formation of H 2 S gas. Hydrogen atmospheres prevent alumina 
scale formation, which would otherwise obstruct the removal of sulfur. The effect of annealing 
time, temperature, and thickness on the resulting average sulfur content is shown in figure 1. 
(Thickness plays an additional role in defining a critical sulfur content, as will be describe later). 
Assuming diffusion control of desulfurization, the thin slab diffusion solution provides the 
following approximation for values of Dt/L 2 > 0.05: 

CyC 0 = 8/x 2 exp(-7t 2 D,t/L 2 ) 


[ 1 ] 



where C, and C 0 are the final and original average sulfur contents, D, is the diffusion coefficient 
of sulfur in nickel, t is time, and L is thickness (17,18). The measured (filled bars) and projected 
from eqn. 1 (hashed bars) average sulfur contents for some of the test matrix conditions are 
shown in figure 1, for a starting level of 6.2 ppmw. There is general agreement in the overall 
exponential desulfurization trends with increasing time and diffusivity (temperature) and with 
increasing thickness. It can be seen that sulfur levels below 0.2 ppmw have been achieved for a 
number of the exposure conditions. 

Gravimetric Data. The effect of annealing conditions on the 1 100°C cyclic oxidation 
weight change curves is shown in figure 2-4. In figure 2, the effect of annealing temperature is 
shown for 0.5 mm (20 mils) samples annealed for 20 hr. Under these conditions, the 1000° and 
1 100° C anneals did little to improve the cyclic oxidation resistance over that of the as-received 
(unannealed) control sample. The latter three conditions exhibited more than 20 mg/cm 2 weight 
loss after 500 1-hr cycles. The 1200° and 1300°C annealing treatments, however, resulted in 
500 hr weight changes of +0,58 and -0.82 mg/cm 2 , respectively. This represents a very 
significant improvement. (It should be noted that the degradation of the 1300°C sample was 
related to the partial melting that occurred upon annealing and attendant modification of 
oxidation behavior). 

The effect of annealing time on oxidation is shown in figure 3 for 0.5 mm samples 
annealed at 1200°C. Here a significant improvement was noted by only an 8 hr anneal, 
producing a moderate weight loss of 6.7 mg/cm 2 after 1000 hr. Furthermore, the 1000 hr 
weight changes of the 20, 50, and 100 hr samples were all excellent (+0.10, +0.36, and +0.16 
mg/cm 2 , respectively). 

The effect of sample thickness on oxidation is shown in figure 4 for samples annealed at 
1200°C for 100 hr. While the 500 hr. weight change for 5 and 2.5 mm samples (-13.8 and -5.7 
mg/cm 2 ) was not as severe as that for unannealed samples (-33 to -67 mg/cm 2 ), more significant 
improvement resulted for 1.3, 0.5 and 0.25 mm samples (0.75, 0.58, and 0.65 mg/cm 2 ). 

X-rav Diffraction. Scale phases were identified from X-ray diffractometer scans. The 
major phases were AI2O3, Ni(Al,Cr)z 04 , and CrTa04 after 500 hr of cycling. A greater relative 
amount of AI2O3 was noted for the more oxidation resistant samples, and more NiCr2C>4 and 
CrTa04 for the samples with poor scale adhesion. This is substantially the same result obtained 
previously for hydrogen annealed PWA 1 480 ( 1 8). 

Effect of Sulfur C ontent. The 500 hr weight change of the 0.5 mm samples tested is 
shown in figure 5 as function of the measured sulfur content. The sulfur level of the 1000° and 
1 100°C annealed samples was 4 and 2 ppmw and the performance of these samples was only 
marginally improved. The sulfur level of the sample annealed at 1200°C for 8 hr was 0.8 ppmw, 
and its performance was notably improved. Finally, the annealing treatments for longer times or 
higher temperatures produced excellent behavior for sulfur contents of 0.05 to 0.3 ppmw. In 
order to resolve a critical sulfur content (below which no further improvement in cyclic oxidation 
is achieved), a value corresponding to 0.0 mg/cm 2 weight change after 500 hr was interpolated 
as ~ 0.4 ppmw S. Similarly, the sulfur value corresponding to the onset of severe spallation 
(defined as -10.0 mg/cm 2 weight change) was 1.2 ppmw S. This procedure was performed for. 
each sample thickness. 



These two interpolated boundaries are shown on the adhesion map of figure 6, where 
alloy sulfur content is plotted against sample thickness with log-log axes. Thus samples with 
sulfur contents below the 0.0 mg/cm 2 boundary exhibit adherent behavior and those having 
sulfur contents above the -10.0 mg/cm 2 boundary are approaching the least adherent behavior. 
Alternatively, the behavior of specific samples is indicated by the individual data points. Here the 
degree of shading relates to the degree of adhesion as defined by the ride legend. 

It is believed that the defining boundaries exhibit a negative slope and thicker samples 
will require lower levels of sulfur to achieve the equivalent degree of adhesion. (A more precise 
slope is not claimed because of some variation in sulfur measurements, especially at values less 
than 0.5 ppmw). This trend is expected because of the greater amounts of total sulfur available 
for repeated segregation and scale spallation for thicker samples. 

Adhesion Criteria. A more fundamental approach has also been suggested to define a 
critical sulfur content (13). This concept holds that the limit of an adhesion benefit would be 
obtained if the sample contains a total amount of sulfur less than that required to produce 1 
monolayer of segregation. The implication is that a fraction of a monolayer is required to cause 
a significant spallation event; but with only limited replenishment, it is unable to sustain repetitive 
degradation. The equivalence between bulk and segregated sulfur was approximated as: 

C. = (8.27x1 0’ 2 gm/cm^KnA/W (13) [2] 

where: C, = bulk sulfur content in ppmw 

N m = number of segregated monolayers 
A = sample surface area in cm 2 
W = sample weight in gm 

The 1 monolayer criterion is shown on figure 6 for PWA 1480 coupons of density 8.72 
gm/cm 3 . All conditions above this line contain more than the indicated 1 monolayer of sulfur, all 
those below contain less than 1 monolayer. Note that this criterion is close to the interpolated 
experimental boundary for adhesion. The boundary for nonprotective behavior corresponds to 
about 4 monolayers of total sulfur available for segregation. This behavior is similar to that 
observed for Rene’ N5 and summarized for other similar studies (18,19). 

TBC performance. Melt desulfurized PWA 1484, which does contains 0.1% H£ was 
obtained with 0.3 ppmw S (courtesy of L. Graham, PCC Airfoils, Inc.). The cyclic oxidation 
resistance is shown in figure 7 and indicates excellent behavior for at least 2000 hr. Also no 
appreciable difference exists between as-received samples and those hydrogen annealed at 
1250°C for 50 hr. This excellent behavior warranted an exploratory study on TBC coatings 
without bondcoats. About 250 pm of 8YSZ was plasma sprayed onto melt desulfurized PWA 
1484 (at 40 kW, 10 cm spray distance, 50 pm per pass, 250° C substrate temperature). The 
oxidation behavior of three processing versions are shown as samples A, B, and C in figure 8. 
Arrows indicate observations of cracks or small delaminations, while the large vertical weight 
drops indicate TBC spallation, usually as one, free-standing piece, consisting of the entire ride. 
While the bondcoat system possessed the longest life for complete detachment, serious edge 
delamination cracks began growing in about the same time frame that the no-bondcoat systems 
exhibited distress. A higher oxidation rate of the APS NiCrAlY bondcoat is also evident. 



The no-bondcoat failure surfaces exhibited blue particles on the YSZ coating underside, 
identified as N 1 AI 2 O 4 spinel by XRD. Conversely, the exposed metal side exhibited some 
tetragonal YSZ particles on the blue spinel-covered surface, with an (X-AI 2 O 3 inner scale. Very 
little spalling to bare metal was observed. Since the failure locus was at the spinel-YSZ 
interface, the 01 -AI 2 O 3 scale adhesion appeared adequately strong under these conditions. 


CONCLUDING REMARKS 

This summary has shown the strong dependence of angle crystal superalloy oxidation 
resistance on low levels of sulfur impurity contents. Extraordinary improvements are possible 
from desulfurization by hydrogen annealing. Typical sample thicknesses ~1 mm may be easily 
desulfurized to <lppmw by annealing at 1200°C. Sulfiir segregation in hydrogen annealed 
superalloys is essentially eliminated. This in turn produces excellent cyclic oxidation behavior at 
1 100°-1 150°C with very small weight changes of only 0.5 to 1 mg/cm 2 after 1000 hours. Both 
empirical and fundamental criteria of scale adhesion su gg est that a critical sulfur content of 0 . 1-1 
ppmw is required to obtain the maximum adhesion, depending on sample thickness. A first 
attempt at TBC coating a low sulfur superalloy without a bond coat provided appreciable lives 
without failure at the oxide-metal interface. 
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Figure 1. Effect of hydrogen annealing parameters on desulfurization ofPWA 1480. 
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2. Effect of hydrogen annealing temperature (for 20 hr anneals) on the 1100°C cyclic 
on behavior of 0.5 mm PWA 1480 samples. 



Figure 3. Effect of hydrogen annealing time (for 1200°C anneals) on the 1 100°C cyclic oxidation 
behavior of 0.5 mm PWA 1480 samples. 





Figure 4. Effect of sample thickness (hydrogen annealed for 100 hr at 1200°C) on the 1100°C 
cyclic oxidation behavior of PWA 1480 samples. 



Figure 5. Relationship between weight change after cyclic oxidation for 500 hr at 1 100°C and 
sulfur content of 0.5 mm samples that were hydrogen annealed under various conditions. 
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Figure 6. Adhesion map showing critical sulfur content based on experimental interpolation (0.0 
and -10 mg/cm 2 weight change at 500 hr.) and proposed 1 monolayer segregation criterion. 
Symbols represent actual data; degree of shading indicates degree of adhesion according to 
legend. 
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1 100°C cyclic oxidation behavior of PWA 1484 melt desulfurized to 0.3 ppmw S. 
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Figure 8. 1 100°C cyclic oxidation behavior of plasma sprayed 250 pm 8YSZ TBC on melt 
desulfurized PWA 1484 (no bondcoat compared to 125 pm APS NiCrAlY bondcoat). 




